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The herpes simplex virus (HSV) infected cell protein 8 (ICP8) is required for viral DNA replication and normal viral gene
expression. Previous work in our laboratory has shown that ICP8 may play a role in stimulating late gene expression. In
V2.6 cells which express the d105 mutant form of ICP8, synthesis of late proteins and accumulation of late gC mRNA are
reduced during HSV infection (Gao, M., and Knipe, D. M., J. Virol. 65, 2666–2675, 1991). To determine if the negative effect
of d105 ICP8 on late gene expression was exerted at the transcriptional level, we measured the levels of mRNAs and
transcription from three late genes, gC, UL47, and gD, in V2.6 cells and Vero cells infected with the HSV-1 wild-type virus.
In infected V2.6 cells, the levels of late gC and UL47 mRNA were 7- to 12-fold lower than those of infected Vero cells under
conditions where the levels of viral DNA replication in these two cell types were similar. The transcription levels of these
two late genes in infected V2.6 cells were reduced to similar extents (9- to 14-fold). The levels of accumulated mRNA and
transcription of the early–late gD gene also showed parallel reductions in infected V2.6 cells (about 6-fold). In contrast,
transcription of the b pol gene was reduced only slightly (about 2-fold) by d105 ICP8. These results demonstrate that the
d105 ICP8 inhibits expression of three viral late genes at the transcriptional level, and in general, the effect of d105 ICP8
on viral gene expression appears to correlate with the extent to which expression of the gene is stimulated by viral DNA
synthesis. q 1996 Academic Press, Inc.
INTRODUCTION viral proteins; the products of two a genes, ICP4 (Preston,
1979; DeLuca and Schaffer, 1985; Godowski and Knipe,
Herpes simplex virus 1 (HSV-1) is a double-stranded
1986) and ICP27 (Sacks et al., 1985; Rice and Knipe,
DNA virus whose genome encodes more than 70 genes.
1990; Jean et al., manuscript in preparation), are required
These genes are divided into three classes: immediate – for late gene expression. Previous studies in our labora-
early or a, early or b, and late or g genes, based on the tory have shown that infected cell protein 8 (ICP8), the
kinetics and requirements for their expression (Honess product of a b gene, may also play a role in stimulating
and Roizman, 1974). After viral entry, the viral DNA enters late gene expression (Gao and Knipe, 1991).
the nucleus of host cells leading to the expression of the ICP8, the major viral DNA-binding protein, consists
first set of viral genes. The transcription of a genes is of 1196 amino acid residues (Quinn and McGeoch,
activated by the virion protein VP16 and cellular tran- 1985; Gao et al., 1988) and is located in the nucleus
scription factors. The products of the a genes transacti- of the infected cells (Fenwick et al., 1978; Knipe and
vate the expression of the next set of viral genes, the b Spang, 1982; Quinlan and Knipe, 1983). ICP8 has been
genes, whose products are required for viral DNA repli- identified as an essential gene product for viral replica-
cation. After the onset of viral DNA replication, the ex- tion (Conley et al., 1981) and is one of the seven viral
pression of late genes greatly increases. Late genes, b proteins necessary and sufficient for viral DNA syn-
which encode primarily viral structural proteins, are fur- thesis in transfected cells (Challberg, 1986; Wu et al.,
ther divided into two subclasses, early–late (g1) and late 1988). Genetic studies have shown that ICP8 is a multi-
(g2) genes, based on the stringency of their dependence functional protein, playing a variety of other roles dur-
on viral DNA replication for expression. The expression ing the HSV lytic cycle. It is required for the organiza-
of g1 genes is readily detectable prior to viral DNA repli- tion of viral replication proteins and cellular proteins
cation; however, maximal expression is attained only in prereplicative sites in the nucleus where viral DNA
after viral DNA replication. The expression of g2 genes replication is believed to initiate (de Bruyn Kops and
absolutely requires viral DNA replication (Roizman and Knipe, 1988; Bush et al., 1991), and it is also involved
Sears, 1996). In addition to a dependence on viral DNA in the regulation of viral gene expression. ICP8 exerts
replication, late gene expression is also regulated by a negative effect on transcription from the parental
viral genome (Godowski and Knipe, 1983, 1985, 1986),
while it appears to exert a positive effect on late gene1 To whom correspondence and reprint requests should be ad-
dressed. Fax: (617) 432-0223. expression from the progeny genome (Gao and Knipe,
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1991). The relationships between these multiple func- and cells were also incubated with PAA during the viral
absorption period and labeling period.tions remain to be determined.
The effect of ICP8 on late gene expression from the
Analysis of viral DNA replicationprogeny genome was defined in studies with a mutant
form of ICP8, d105, which lacks residues 1083–1166. Two methods were used to analyze viral DNA replica-
This mutant form of ICP8 protein can still properly local- tion. One was a [3H]thymidine labeling method (Gao and
ize to the nucleus and can bind to ssDNA and dsDNA Knipe, 1989), and the other was a hybridization method
in vitro; however, it possesses a dominant mutant pheno- (Rice and Knipe, 1990). For the labeling method, cultures
type in interfering with viral DNA replication and inhib- of 2 1 106 mock-infected or HSV-infected cells in 25-
iting late gene expression of wild-type virus, presumably cm2 flasks were labeled from 7 to 10 hr postinfection
due to competition between the wild-type and mutant (hpi) with 2 ml of medium containing 50 mCi [3H]thymidine
forms of ICP8. Comparison of viral gene expression in (New England Nuclear, 88 Ci/mmol), and total infected
infected V2.6 cells which express d105 ICP8 with infected cell DNA was isolated and purified. Four micrograms of
control Vero cells showed approximately normal levels each DNA sample was cleaved with EcoRI and XbaI and
of viral a and b gene products but decreased levels of then subjected to electrophoresis in a 0.9% agarose gel.
g proteins and gC mRNA (Gao and Knipe, 1991). After electrophoresis, the gel was permeated with a fluo-
To determine the level at which d105 ICP8 affects late rography-enhancing agent (Entensify, DuPont Corp.),
gene expression, we analyzed the accumulation of dried, and exposed to X-ray film at 0707 with an intensi-
mRNA and transcription from two g2 genes, gC and fying screen. The intensities of labeled DNA bands on the
UL47, and a g1 gene, gD, in V2.6 cells and in Vero cells autoradiogram were quantified by densitometry scanning
infected with wild-type virus under conditions in which (LKB Densitometer). For the hybridization method, DNA
viral DNA replication was at the same level in the two was isolated from the infected cells at 10 hpi. Five-fold
cell types. We demonstrate that the effect of d105 ICP8 serial dilutions of each DNA sample (ranging from 8 to
on late gene expression is at the transcriptional level. 1000 mg DNA) were immobilized onto a nylon membrane
using a slot-blot apparatus (Schleicher and Schuell). The
filter was then hybridized with 32P-labeled pSG28 plasmidMATERIALS AND METHODS
DNA, which contains the 21-kb EcoRI EK fragment of
Cells and viruses HSV-1 DNA (Goldin et al., 1981). The intensity of the
hybridized viral DNA was quantified with a Phosphor-
Vero cells were grown and maintained as described Imager (Molecular Dynamics).
previously (Knipe et al., 1982). S-2 and V2.6 cell lines
containing the wild-type ICP8 gene and the d105 ICP8 Northern blot analysis
gene, respectively, were derived from Vero cells (Gao
Cytoplasmic RNA was prepared as described pre-and Knipe, 1989). For maintenance of these two cell lines,
viously (Sambrook et al., 1989). The RNA preparation wasthe antibiotic G418 (GIBCO Laboratories) was added to
treated with 30 U/ml RNase-free DNase (Boehringera final concentration of 500 mg/ml in the growth medium
Mannheim Biochemicals) at 377 for 20 min. Ten micro-for the first three passages after thawing and every fifth
grams of each RNA sample was separated in a 1.5%passage thereafter. The HSV-1 wild-type strain KOS1.1
agarose–6% formaldehyde gel and then transferred to awas propagated and titered as described previously
nylon membrane. The membrane was hybridized with(Knipe et al., 1982; Lee and Knipe, 1983), and the ICP8
DNA probes labeled with [a-32P]dCTP by the randomnull mutant strain HD-2 was propagated on S-2 cells
priming method. The DNA probe for each gene was iden-(Gao and Knipe, 1989).
tical to the internal DNA fragment of the gene which was
used as probe in the transcription assays (see below).
Infections The relative amount of the radioactivity of each hybridized
mRNA was quantified by phosphoimage analysis.Infections were carried out at a multiplicity of infection
(m.o.i.) of 2 plaque-forming units per cell. To ensure that
Measurement of viral gene transcription
an equivalent m.o.i. was established in all cell lines, the
number of cells in one flask of each cell line was deter- The levels of transcription of viral genes were mea-
sured by a modification (Jean et al., manuscript in prepa-mined prior to infection. Sodium phosphonoacetate (PAA)
was added to the medium to inhibit viral DNA synthesis ration) of a previously published method for an in vivo
[3H]uridine labeling method (Zhang et al., 1987). Culturesas indicated. A stock solution of PAA was made by neu-
tralizing phosphonoacetic acid (Sigma) with sodium hy- of1.51 107 cells in 150-cm2 flasks were mock-infected
or infected with KOS1.1 virus. At the indicated time afterdroxide to pH 7.0. When PAA was used, 20 mM HEPES
buffer (pH 7.6) was included in all media either with or infection, cells were pulse labeled with 1 mCi of [3H]-
uridine (New England Nuclear, 35–50 Ci/mmol) in 5 mlwithout PAA to maintain all cultures at the same pH,
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of medium at 377 for 30 min except as otherwise indi-
cated. Total RNA was prepared from infected cells by
the guanidinium–CsCl step gradient method (Frederick
et al., 1991). The RNA preparations were then treated
with 30 U/ml RNase-free DNase at 377 for 20 min. From
one 150-cm2 flask, we generally isolated 150–250 mg of
total RNA containing 1– 5 1 107 cpm of incorporated
label. An equal portion of each labeled RNA sample (usu-
ally 100 mg) was incubated with filters containing 10 mg
of each single-stranded complementary or anticomple-
mentary DNA probe which had been immobilized on a
nylon membrane using a slot-blot apparatus. For each
sample the M13 DNA vector was included as the control.
The background level for each sample was a blank filter
incubated with the sample. Hybridization was carried out
at 687 for 40 hr, after which the filter was washed, and
each slot was cut out. The radioactivity of each slot was
FIG. 1. Time course of gC, pol, and tk gene transcription in infectedquantified by liquid scintillation counting. The level of
Vero cells. Vero cells were infected with wt virus KOS1.1 at an m.o.i.transcription was expressed as cpm of [3H]uridine incor-
of 2. Transcription was measured by in vivo pulse labeling with [3H]-porated mRNA hybridized to the complementary probe
uridine at 2, 4, 6, 8, 10, or 12 hpi. The level of transcription was ex-
subtracting cpm of the background. The probes for all pressed as cpm of [3H]uridine incorporated in RNA hybridized to the
genes contained a viral DNA fragment internal to the specific ssDNA probe for each gene. Symbols: n, tk; s, pol; l, gC; j,
M13 vector. Solid lines, hybridization with ssDNA probe complementaryHSV gene cloned into a bacteriophage M13 vector in
to a specific mRNA; dashed lines, hybridization with ssDNA probeeither of two orientations. Single-stranded DNA probes
anticomplementary to a specific mRNA.complementary or anticomplementary to the mRNA of
each gene were prepared from virions of the appropriate
M13 recombinant bacteriophage. The HSV sequences scription reaches a maximum at about 6 hpi when cells
are infected at an m.o.i. of 10–20 (Godowski and Knipe,within each of the probes were as follows: gC (UL44)
gene—a 918-bp EcoRI–XbaI fragment (nt 96,751–97,669) 1986; Weinheimer and McKnight, 1987; Zhang et al.,
1987). When cells were infected at such an m.o.i., the(Godowski and Knipe, 1986; McGeoch et al., 1988); UL47
gene—a 870-bp PstI–PstI fragment (nt 101,485– trans-dominant effect of d105 ICP8 was partially over-
come by the presence of the greater amount of the wild-102,355) (McGeoch et al., 1988; LeVan and Knipe, unpub-
lished data); gD (US6) gene—a 1007-bp HindIII–NarI type ICP8 (Gao and Knipe, 1991), so the experiments
designed in this study to test the mechanism of the effectfragment (nt 138,344–139,351) (McGeoch et al., 1985;
LeVan and Knipe, unpublished data); pol (UL30) gene— of the d105 ICP8 protein were carried out at a lower
m.o.i. (m.o.i. 2), where a dominant mutant effect had beena 649-bp BglII–EcoRI fragment (nt 63,472–64,121) (Wein-
heimer and McKnight, 1987; McGeoch et al., 1988); tk observed (Gao and Knipe, 1991). To determine the kinet-
ics of gC transcription in cells infected at an m.o.i. of 2,(UL23) gene—a 1079-bp BglII– HindIII fragment (nt
46,776–47,855) (McKnight, 1980; Weinheimer and we examined gC transcription at 2-hr intervals from 2 to
12 hpi. Because expression of early genes is indepen-McKnight, 1987; McGeoch et al., 1988).
dent of viral DNA replication and therefore insensitive to
Analysis of viral proteins
viral DNA synthesis inhibitors (Holland et al., 1984; Ra-
Cultures of21 106 cells in 25-cm2 flasks were mock- field and Knipe, 1984; Weinheimer and McKnight, 1987),
infected or infected and labeled with [35S]methionine we wanted to use early genes as controls to ensure
(ICN, 1280 Ci/mmol) for the times indicated. The labeled that any observed effects of d105 ICP8 on late gene
infected cell lysates were separated by SDS–polyacryl- expression were specific. Therefore, two early genes of
amide gel electrophoresis (SDS–PAGE) as described HSV-1, DNA polymerase (pol) and thymidine kinase (tk),
previously (Knipe et al., 1982). After electrophoresis, the were also included in this experiment. Transcription was
gel was fixed, dried, and exposed to Kodak SB5 film. The measured by in vivo [3H]uridine labeling. When Vero cells
labeled wild-type or d105 ICP8 bands were quantified by were infected at an m.o.i. of 2, transcription of the gC
phosphoimage analysis. gene was undetectable at early times of infection (2–4
hpi). Transcription started by 6 hpi and then increasedRESULTS
rapidly. The level of gC transcription reached its maxi-
Time course of gC gene transcription mum at 12 hpi and declined thereafter (Fig. 1 and results
not shown). Transcription of the pol gene was low butThe late gC gene is transcribed at an undetectable
level during the early stages of infection, and its tran- detectable at 4 hpi, then increased rapidly, and reached
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its plateau at 8–10 hpi. Transcription of another early presence of 25–50 mg/ml PAA (Fig. 2B). The hybridization
method was also used, and comparable results weregene, tk, was turned on earlier compared to that of the
pol gene. There was a significant level of tk transcription found (Fig. 2B), confirming this observation.
at 4 hpi, and it reached its maximal level at 6 hpi and
declined rapidly afterwards. At 8 hpi, tk gene transcrip- Comparison of the accumulation of late mRNAs in
tion was nearly undetectable. The hybridization assay infected Vero and V2.6 cells
appeared to detect authentic viral transcripts, because
in all cases the hybridization was specific for the comple- Before analyzing late gene transcription, we wanted
to confirm the effect of d105 ICP8 on the accumulationmentary DNA probe. Furthermore, the cpm values from
labeled mock-infected cells were similar to the control of late mRNA at 10 hpi by examining other late genes in
addition to the gC gene, which had been examined inlevels, which were obtained from hybridization with the
M13 probe (data not shown). Based on this kinetic study, the previous study (Gao and Knipe, 1991). We chose
another g2 gene, UL47, and a g1 gene, gD. Two earlywe chose 10 hpi as the time at which to measure the
transcription of late genes and the pol gene as a control genes, pol and tk, were used as controls. Infections were
carried out in both V2.6 and Vero cells at an m.o.i. of 2.early gene.
In infected Vero cells, PAA was added at 0, 25, or 50 mg/
ml. Cytoplasmic RNA was isolated at 10 hpi and sub-Analysis of viral DNA replication in Vero and V2.6
jected to Northern blot analysis. Figure 3A shows thecells
autoradiogram of one of the resulting Northern blots. The
relative amount of the radioactivity of each hybridizedExpression of viral late genes increases after the onset
of viral DNA replication and continues as replication pro- mRNA was quantified by phosphoimage analysis and
expressed as a percentage of the mRNA level in infectedceeds; therefore, if viral DNA replication was reduced, late
gene expression would also be reduced. In V2.6 cells, one Vero cells in the absence of PAA (Fig. 3B). There was a
high level of accumulated gC, UL47, and gD mRNA ineffect of d105 ICP8 observed previously was a partial reduc-
tion in viral DNA replication (Gao and Knipe, 1991), which control infected Vero cells, and the level of gC and UL47
mRNA was decreased by 25–58% by the addition of 25–could account for some of the reduction in late gene expres-
sion. To analyze transcription of late genes in V2.6 and 50mg/ml PAA. In V2.6 cells, however, the level of gC and
UL47 mRNA was further decreased by 7- to 12-fold andVero cells under conditions of the same levels of viral DNA
replication, we used PAA, a specific inhibitor of the HSV-1 7- to 10-fold, respectively, relative to the level in Vero
cells in the presence of 25–50 mg/ml PAA. The level ofviral DNA polymerase (Mao and Robishaw, 1975), to reduce
the level of viral DNA replication in infected Vero cells. To gD mRNA was decreased by 30–52% with the addition
of 25–50 mg/ml of PAA, and in V2.6 cells, the level of gDdetermine the proper concentration of PAA needed to in-
hibit viral DNA replication in Vero cells to the same level mRNA was further decreased by 6- to 9-fold relative to the
level in Vero cells when the levels of viral DNA replicationas in V2.6 cells, we measured viral DNA synthesis in in-
fected V2.6 and Vero cells in the absence or presence of were equal. The levels of accumulated tk mRNA in all
samples were similar in that neither PAA nor d105 ICP8various amounts of PAA by two different methods. One
method was a [3H]thymidine labeling method (Gao and altered the accumulation of tk mRNA. However, the pres-
ence of PAA did lead to a moderate decrease in theKnipe, 1989), and the other was a hybridization method
(Rice and Knipe, 1990). accumulated level of pol mRNA; 25 and 50 mg/ml PAA
reduced pol mRNA by 17 and 29%, respectively. In in-Figure 2A shows the results of an experiment using
the labeling method. In mock-infected Vero cells (lane fected V2.6 cells, the accumulation of pol mRNA was
further reduced by 1.7- to 2.1-fold relative to the level in1), a smear of bands of labeled cellular DNA was seen.
In infected Vero cells (lanes 2–4) or V2.6 cells (lane 5), Vero cells in the presence of 25–50 mg/ml PAA. Although
the pol gene has been classified as a b gene by itsthere was diminished label in cellular DNA, but instead
there were heavily labeled bands of 15–21 kb and sev- requirement for a proteins and its relative independence
of viral DNA replication for its expression (Weinheimereral smaller bands which corresponded to the predicted
restriction pattern of HSV-1 DNA digested with EcoRI and and McKnight, 1987), our observation of the reduction of
pol mRNA accumulation by inhibiting viral DNA replica-XbaI. Results from three separate experiments showed
that in infected V2.6 cells the amount of viral DNA synthe- tion was consistent with a previous report (Weinheimer
and McKnight, 1987) and a recent publication (Wobbe etsized ranged from 15 to 22% of that in infected Vero cells
in the absence of PAA. In infected Vero cells the addition al., 1993), indicating that the pol gene has both early
and late characteristics. These results showed that theof 25 and 50 mg/ml PAA reduced the amount of the viral
DNA synthesized to 24 and 8%, respectively, of that syn- mutant form of the d105 ICP8, which had little effect on
the level of accumulated tk mRNA, did significantly re-thesized without the addition of PAA (lanes 3 and 4).
Therefore, viral DNA replication in infected V2.6 cells was duce the level of g2 transcripts, gC and UL47, by 7- to
12-fold and a g1 transcript, gD, by 6- to 9-fold. In contrast,at a level comparable to that in Vero cells infected in the
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FIG. 2. Viral DNA replication in mock-infected or infected Vero cells or V2.6 cells in the absence or presence of different amounts of PAA. (A)
Viral DNA replication was measured by the labeling method. DNA samples in lanes were from 1, mock-infected Vero cells; 2, infected Vero cells;
3, Vero cells infected in the presence of 25 mg/ml PAA; 4, Vero cells infected in the presence of 50 mg/ml PAA; 5, infected V2.6 cells. (B) Quantitative
comparison of viral DNA replication in infected Vero cells in the absence or presence of different amounts of PAA and in infected V2.6 cells. DNA
replication was measured by both labeling and hybridization methods and expressed as a percentage of the level of control Vero cells infected in
the absence of PAA. Symbols: s, DNA replication measured by the labeling method in infected Vero cells; n, DNA replication measured by the
hybridization method in infected Vero cells; l, DNA replication measured by the labeling method in infected V2.6 cells; 1, DNA replication measured
by the hybridization method in infected V2.6 cells.
V2.6 cells showed only a slight reduction (1.7- to 2.1-fold) ml PAA, respectively, and in infected V2.6 cells, pol gene
transcription was further reduced by about 2.5-fold. There-in the accumulated level of pol transcripts.
fore, in infected V2.6 cells the fold reduction in the transcrip-
Levels of transcription of late genes in infected Vero tion level of each gene paralleled the fold reduction in the
and V2.6 cells mRNA level, indicating that d105 ICP8 has an inhibitory
effect on late gene transcription.To determine if the reduction in the accumulation of g2
and g1 mRNA in V2.6 cells was quantitatively reflected in d105 ICP8 did not affect the stability of gC mRNA
changes in the transcription of these genes, we measured It was possible that the decrease in late gene mRNA
gC, UL47, and gD gene transcription using in vivo pulse- synthesis in V2.6 cells was due to an alteration in mRNA
labeling of the RNAs. Although pol mRNA was decreased stability and that the reduced rate of late transcription
slightly by PAA and by d105 ICP8, we still used it as the observed in V2.6 cells was actually caused by the rapid
early gene control, because transcription of the tk gene was degradation of late transcripts during the labeling period.
barely measurable at 10 hpi. Figure 4 shows the results from If that were the case, the ratio of the amount of [3H]uridine
a representative experiment of three separate experiments, incorporated into late transcripts from Vero cells versus
where transcription was measured at 10 hpi with infections V2.6 cells would become higher for longer labeling peri-
at an m.o.i. of 2. The levels of transcription from the gC ods. To test this hypothesis, we pulse-labeled infected
gene in Vero cells were reduced when viral DNA replication Vero cells and V2.6 cells for various periods of times and
was partially blocked by PAA. The addition of 25 and 50 measured the level of gC transcription. Similar ratios for
mg/ml PAA to the infected Vero cells resulted in a30 and the levels of gC transcription in Vero versus V2.6 cells45% decrease, respectively, in the level of gC transcription. were observed for labeling times of 15, 30, 60, or 90 min
In infected V2.6 cells, gC transcription was further reduced (Table 1), demonstrating that d105 ICP8 did not affect the
by 9- to 11-fold compared with that in infected Vero cells in stability of the newly synthesized gC mRNA and providing
the presence of 25 to 50 mg/ml PAA. The pattern of UL47 further evidence that d105 ICP8 exerted its effect on late
transcription showed a similar reduction in infected V2.6 gene expression at the level of transcription.
cells (10- to 14-fold). Transcription of the g1 gD gene was
Levels of wild-type and d105 ICP8 in infected Veroreduced to a lesser extent (5- to 6-fold) in infected V2.6 cells
and V2.6 cellscompared with the reduction in the g2 genes, gC or UL47.
Transcription of the pol gene was reduced in infected Vero It had been reported previously that overexpression of
ICP8 may cause decreased viral DNA replication andcells by 25 and 29% with the addition of 25 and 50 mg/
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FIG. 3. Levels of gC, UL47, gD, pol, and tk mRNA in mock-infected or infected Vero or V2.6 cells in the absence or presence of 25 or 50 mg/ml
PAA. Cells were infected at an m.o.i. of 2. Cytoplasmic RNA was isolated at 10 hpi and subjected to Northern blot analysis. (A) An autoradiogram
of the Northern blots. Lanes: 1, Vero cells infected in the absence of PAA; 2, Vero cells infected in the presence of 25 mg/ml PAA; 3, Vero cells
infected in the presence of 50 mg/ml PAA; 4, V2.6 cells infected in the absence of PAA; 5, mock-infected Vero cells. The major transcripts from the
gC, UL47, gD, pol, and tk genes are indicated to the right of each blot. (B) Quantitative comparison of levels of gC, UL47, gD, pol, and tk mRNAs
in Vero or V2.6 cells infected in the absence or presence of 25 or 50 mg/ml PAA. The amount of radioactivity of each mRNA was quantified by
phosphoimage analysis of the Northern blot and expressed as a percentage of the value for Vero cells infected in the absence of PAA.
viral gene expression (Orberg and Schaffer, 1987). To labeling infected cells with [35S]methionine for 30 min at
3, 6, and 12 hpi. Those results showed that the levels ofaddress this possibility in our previous study (Gao and
Knipe, 1991), we had measured the levels of protein syn- wt ICP8 synthesis in infected Vero or V2.6 cells were
similar and that the level of d105 ICP8 synthesis in in-thesis of wt ICP8 and d105 ICP8 in infected Vero, S-2
(cell line expressing wt ICP8), and V2.6 cells by pulse- fected V2.6 cells was slightly greater than that of the wt
ICP8 in infected S-2 cells. We had also shown that the
presence of the greater amount of wt ICP8 in infected S-
2 cells did not have any influence on virus lytic infection
as judged by normal virus plaque size and plating effi-
ciency. To further confirm that the decreased late gene
transcription in V2.6 cells was not simply due to overex-
pression of the d105 ICP8 protein, we measured the
accumulated level of ICP8 at times when we were mea-
suring transcription and compared the levels of late gene
transcription in infected Vero and S-2 cells. Infected Vero,
V2.6, and S-2 cells were labeled with [35S]methionine
from 4 to 10.5 hpi. The labeled proteins were separated
by SDS–PAGE and the levels of ICP8 proteins in each
sample were quantified by phosphoimage analysis (Ta-
TABLE 1
Labeling of gC Gene Transcripts in Vero versus V2.6 Cells
Ratio of [3H]uridine label in gC RNA
(Vero/V2.6 cells)
Labeling periodFIG. 4. Levels of transcription of gC, UL47, gD, and pol in Vero or
V2.6 cells infected in the absence or presence of 25 or 50 mg/ml PAA. (min) Expt 1 Expt 2 Expt 3
Infections were carried at an m.o.i. of 2. Transcription was measured
by in vivo pulse labeling with [3H]uridine at 10 hpi and hybridization 15 9.5 11.8 14.9
30 10.8 10.2 17.4to ssDNA probes. The values are expressed as cpm of [3H]uridine
incorporated mRNA hybridized to the specific ssDNA probe for each 60 11.2 12.4 11.4
90 N.D.a N.D. 13.0gene. ssDNA probes: -c, complementary to a specific mRNA; -a, anti-
complementary to a specific mRNA; M13, single-stranded DNA of M13
vector. a Not determined.
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TABLE 2 TABLE 3
Comparison of ICP8 and d105 ICP8 Protein Levels Effects of d105 ICP8 on ICP5 Expression with or without wt ICP8
in Infected Vero, S-2, or V2.6 Cellsa
Units of ICP5 expressed
Infectiona (% of control)bCell line infected wt ICP8 d105 ICP8
Vero 1 N.A.b HD-2 (ICP80) virus in Vero cells 209 (100)
HD-2 (ICP80) virus in V2.6 cells 219 (105)S-2 2.8 N.A.
V2.6 1 6.8 wt virus in Vero cells / 30 mg/ml PAAc 843 (100)
wt virus in V2.6 cells 116 (14)
a Vero, S-2, or V2.6 cells were infected with KOS1.1 at an m.o.i. of 2
and labeled with [35S]methionine from 4 to 10.5 hpi. Labeled proteins a Cell was infected with the indicated virus at m.o.i. 2. Infected cells
were labeled with [35S]methionine from 9.5 to 10 hpi and then harvested.were separated by SDS–PAGE and quantified by phosphorimager anal-
ysis. The level of ICP8 protein in infected Vero cells was defined as 1. b Cells lysates were resolved by SDS–PAGE, and the label in the
ICP5 band was quantified by phosphoimage analysis.b Not applicable.
c 30 mg/ml PAA added to make viral DNA synthesis equivalent to
V2.6 cells infected with wt virus.
ble 2). The accumulated levels of wt ICP8 protein were
the same in infected Vero cells and V2.6 cells, and the
than the amount of wt ICP8 in infected S-2 cells, weamount of wt ICP8 protein expressed from infected S-2
reasoned that the 10-fold decreased level of late genecells was 2.8-fold greater than that in infected Vero cells,
transcription in infected V2.6 cells was due to a novelwhereas the amount of d105 ICP8 protein expressed
effect of the d105 mutant form of ICP8 and not simply tofrom infected V2.6 cells was 2.4-fold greater than that of
its overexpression. Nevertheless, the presence of thethe wt ICP8 protein in infected S-2 cells. We then com-
greater amount of d105 ICP8 was apparently necessarypared the levels of gC and UL47 transcription in infected
for the dominant effect on late gene expression, becauseS-2 and Vero cells. As shown in Fig. 5, the levels of gC
at a higher m.o.i. the inhibitory effect of d105 ICP8 wasand UL47 transcription in infected S-2 and Vero cells
not observed (Gao and Knipe, 1991; data not shown).were similar, and in both cell lines the addition of 25–
50 mg/ml PAA reduced gC and UL47 transcription to the
Effect of d105 ICP8 in the absence of wt ICP8same extent, confirming that the greater amount of ICP8
protein had no effect on late gene expression. Because Two alternative explanations for the phenotypic effects
the amount of d105 ICP8 protein was only 2.4-fold greater of d105 ICP8 were a dominant negative mutant effect or
a ‘‘gain of function’’ effect conferred by the mutation. A
dominant mutant phenotype of d105 ICP8 would likely
be exerted through interactions with or effects on wt ICP8
while a new function present in d105 ICP8 might be
exerted in the absence of wt ICP8. In an attempt to distin-
guish between these two alternatives, we examined the
effect of d105 ICP8 on viral gene expression in cells
infected with the ICP8 null mutant HD-2 (Gao and Knipe,
1989). In Vero cells and V2.6 cells infected with HD-2
virus, equal levels of the g1 ICP5 protein were observed
while in cells infected with wt virus, sevenfold more ICP5
protein was expressed in Vero cells compared to V2.6
cells expressing d105 ICP8 (Table 3). Thus, the inhibitory
effect of d105 ICP8 was not exerted in HD-2-infected
cells, i.e., in the absence of wt ICP8 and viral DNA repli-
cation, demonstrating that one or both of these were
required for the inhibitory effect of d105 ICP8. This result
is more consistent with the inhibitory effect of d105 ICP8
being a dominant mutant effect than a new function intro-
FIG. 5. Levels of transcription of the gC and UL47 genes in Vero or duced by the mutation.
S-2 cells infected in the absence or presence of 25 or 50 mg/ml PAA.
Cells were infected at an m.o.i. of 2, and transcription levels of each
DISCUSSIONgene were measured by in vivo pulse labeling with [3H]uridine at 10
hpi and expressed as cpm of [3H]uridine incorporated mRNA hybridized
Previous studies have shown that the d105 mutantto the specific ssDNA probe for each gene. ssDNA probes: c, comple-
form of ICP8 inhibits HSV infection and that in d105 ICP8-mentary to a specific mRNA; a, anticomplementary to a specific mRNA;
M13, single-stranded DNA of M13 vector. expressing V2.6 cells, synthesis of late proteins is greatly
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diminished, while synthesis of a and b proteins is not level of partial viral DNA synthesis in infected V2.6 cells
was comparable to that in infected Vero cells in the pres-changed significantly (Gao and Knipe, 1991). The effect
on g gene expression could be exerted at one or more ence of 25–50 mg/ml PAA; under these conditions, there
was significant transcription of viral late genes. However,levels of gene regulation, such as transcription, RNA pro-
cessing, RNA transport, or translation. To address the in infected V2.6 cells late gene transcription is severely
inhibited. Our data show that in infected V2.6 cells, partmechanism by which d105 ICP8 regulates HSV late gene
expression, we analyzed the levels of accumulated (30–45%) of the inhibitory effect of d105 ICP8 on late
gene transcription was caused by the inhibition of viralmRNA and transcription of selected genes from the b,
g1, and g2 classes of HSV-1 genes. We also showed DNA synthesis, while most (55–70%) was caused by an-
other mechanism involving the d105 ICP8 protein.that when compared with the control Vero cells at the
same level of viral DNA replication, the reduction in late The mechanism(s) underlying the inhibition of late
gene expression by d105 ICP8 is not yet clear. The de-gene transcription in infected V2.6 cells correlated
closely with the reduction in the accumulated level of creased late gene transcription observed in infected V2.6
cells could be due to a new function caused by the muta-late mRNA. Thus, the reduction in the steady-state late
mRNA level in infected V2.6 cells can be accounted for tion or an effect of d105 ICP8 competing away a normal
function of wt ICP8. We favor the latter model involvingby the reduction in the transcription of late genes. More-
over, we showed that the stability of gC transcripts was a dominant negative mutant phenotype based on our
observation of competition between wt and d105 ICP8unaffected, providing further evidence that the effect of
d105 ICP8 is exerted at the level of transcription. How- and the lack of an effect of d105 ICP8 in the absence of
wt ICP8. In the latter model, ICP8 might bind to replicatingever, we cannot exclude the possibility that the transla-
tion of late mRNA is also affected by d105 ICP8. viral DNA or progeny genomes, activating late gene tran-
scription by interacting with or promoting the binding ofAlthough expression of g1 genes is less dependent
on viral DNA replication than that of g2 genes, our data other viral or cellular proteins to the late promoter re-
gions. The d105 ICP8 may be altered so that it only par-showed that the addition of 25–50 mg/ml PAA in infected
Vero cells still significantly reduced the level of accumu- tially blocks viral DNA synthesis but is greatly decreased
in its ability to interact with other viral or cellular proteinslated gD mRNA and gD transcription, and d105 ICP8
further reduced its expression, although to a lesser de- that are needed for late gene transcription. Nevertheless,
d105 ICP8 retains its ability to bind to wt ICP8 bindinggree than with g2 genes. Therefore, d105 ICP8 exerts a
general inhibitory effect on late gene transcription. These sites and therefore prevents wt ICP8 from binding and
performing its normal function(s). It is not known if ICP8observations also argue that after viral DNA replication,
at least one common mechanism is involved in activating can function to stimulate late gene expression indepen-
dently of viral DNA synthesis, but the isolation of ICP8promoters of both classes of late genes, in agreement
with recent observations that the promoters of g1 and mutant viruses in which the two functions could be sepa-
rated would help us to understand how ICP8 is involvedg2 genes exhibit some common structural features (Gu-
zowski and Wagner, 1993; Huang and Wagner, 1994). in activating viral DNA replication and regulating late
gene transcription.With regard to b genes, the d105 ICP8 had much less
of an effect on transcription of the pol gene (2-fold In addition to the positive effect of ICP8 on late gene
transcription from viral progeny genomes discussedreduction) or on tk mRNA levels (no change). In general,
the extent of reduction of expression of an HSV gene by here, we have also provided evidence that ICP8 exerts
a negative role on immediate–early, early, and late gened105 ICP8 correlated with the extent to which expression
of that gene was stimulated by viral DNA replication. transcription from parental viral genomes (Godowski and
Knipe, 1985, 1986). In the latter studies, a negative effectBecause viral DNA replication is absolutely required
for viral late gene expression and ICP8 is one of the of ICP8 on gene expression from parental viral genomes
was demonstrated by analyzing cells infected with anessential proteins required for viral DNA replication, most
ICP8 mutants are defective for viral DNA replication and ICP8 temperature-sensitive mutant virus, which ex-
pressed increased levels of late proteins and mRNAs atshow reduced expression of viral late genes (Conley et
al., 1981; Orberg and Schaffer, 1987; Gao et al., 1988; the nonpermissive temperature under conditions in
which viral DNA replication was inhibited (Godowski andGao and Knipe, 1989). Nevertheless, it seems likely that
viral DNA synthesis and activation of late gene expres- Knipe, 1985). This is also supported by our recent studies
of an ICP8 null mutant virus, in which the level of latesion are distinct molecular events and utilize distinct
functions of ICP8. This concept is supported by the ob- mRNA was increased while the level of b gene mRNA
was not affected (Chen and Knipe, unpublished data).servation that different factors are required for each pro-
cess (Rice and Knipe, 1990; Chen et al., 1992; Guzowski Thus, ICP8 appears to exert different effects on late gene
transcription from parental versus progeny viral ge-et al., 1994) and by the phenotype of the d105 mutation
of ICP8 we have described here and in the previous nomes. These two effects would effectively provide a
replication-dependent control on late gene transcriptionreport (Gao and Knipe, 1991). As described above, the
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herpes simplex virus type 1 requires a cellular transcription factor.in that transcription from parental viral genomes is pre-
J. Virol. 66, 4304–4314.vented until replication occurs, whereas upon DNA repli-
Conley, A. J., Knipe, D. M., Jones, P. C., and Roizman, B. (1981). Molecu-
cation, late viral gene transcription is promoted by the lar genetics of herpes simplex virus. VII. Characterization of a temper-
ICP8 protein. These effects could be exerted by ICP8 ature-sensitive mutant produced by in vitro mutagenesis and defec-
tive in DNA synthesis and accumulation of gamma polypeptides. J.itself or as part of a DNA replication protein complex
Virol. 37, 191–206.which appears to be assembled at prereplicative sites
de Bruyn Kops, A., and Knipe, D. M. (1988). Formation of DNA replicationwithin the host cell nucleus (Quinlan and Knipe, 1983;
structures in herpes virus-infected cells requires a viral DNA binding
de Bruyn Kops and Knipe, 1988; Liptak et al., 1996). protein. Cell 55, 857–868.
The two opposing effects of ICP8 on late gene expres- DeLuca, N. A., and Schaffer, P. A. (1985). Activation of immediate-early,
early, and late promoters by temperature-sensitive and wild-typesion may be explained by different conformations of the
forms of herpes simplex virus type 1 protein ICP4. Mol. Cell. Biol. 5,viral DNA before and after viral DNA replication. Prior
1997–1208.to viral DNA replication the parental viral genomes are
Fenwick, M. L., Walker, M. J., and Petkevich, J. M. (1978). On the associa-
circular (Poffenberger and Roizman, 1985), and thus, rota- tion of virus proteins with the nuclei of cells infected with herpes
tion of the strands would be restricted. ICP8 or a complex simplex virus. J. Gen. Virol. 39, 519–529.
Frederick, M. A., Brent, R., Kingston, R. E., Moore, D. D., Seidman,of viral DNA replication proteins involving ICP8 may bind
J. G., Smith, J. A., and Struhl, K. (1991). ‘‘Current Protocols in Molecularto the circular genomic molecule and inhibit transcription
Biology,’’ pp. 4.2.1–4.2.8. Greene Publishing Assoc., Inc., and Wiley,by preventing the binding of viral or cellular transcription
New York.
factors. Alternatively, the complex of DNA replication pro- Gao, M., Bouchey, J., Curtin, K., and Knipe, D. M. (1988). Genetic identifi-
teins may pull the parental viral DNA molecules to sites cation of a portion of the herpes simplex virus ICP8 protein required
for DNA-binding. Virology 163, 319–329.within the nucleus where DNA replication takes place
Gao, M., and Knipe, D. M. (1989). Genetic evidence for multiple nuclearbut transcription of the viral genome cannot take place.
functions of the herpes simplex virus ICP8 DNA-binding protein. J.After viral DNA replication, the viral DNA templates are
Virol. 63, 5258–5267.
linear and thus the binding of ICP8 or other viral proteins Gao, M., and Knipe, D. M. (1991). Potential role for herpes simplex virus
may be able to unwind the strands or alter their confor- ICP8 DNA replication protein in stimulation of late gene expression. J.
Virol. 65, 2666–2675.mation. Thus, as viral DNA synthesis proceeds, transcrip-
Godowski, P. J., and Knipe, D. M. (1983). Mutations in the major DNA-tion from late promoters could be initiated. ICP8 may
binding protein gene of herpes simplex virus type 1 result in in-play a role either in stabilizing the promoter region in
creased levels of viral gene expression. J. Virol. 47, 478–486.
an unwound, single-stranded form or by binding to the Godowski, P. J., and Knipe, D. M. (1985). Identification of a herpes
unwound strands, thereby stimulating protein–protein in- simplex virus function that represses late gene expression from pa-
rental viral genomes. J. Virol. 55, 357–365.teractions or protein–DNA interactions at the late pro-
Godowski, P. J., and Knipe, D. M. (1986). Transcriptional control ofmoter regions. Further studies on the dual effect of ICP8
herpesvirus gene expression: Gene functions required for positiveon transcription from parental and progeny viral DNA
and negative regulation. Proc. Natl. Acad. Sci. USA 83, 256–260.
molecules should contribute to our understanding of the Goldin, A. L., Sandri-Goldin, R. M., Levine, M., and Glorioso, J. C. (1981).
processes that control the utilization of DNA molecules Cloning of herpes simplex virus type 1 sequences representing the
whole genome. J. Virol. 38, 50–58.for transcription versus DNA replication and the factors
Guzowski, J. F., Singh, J., and Wagner, E. K. (1994). Transcriptionalinvolved in replication-dependent transcription of DNA
activation of the herpes virus type 1 UL38 promoter conferred by themolecules.
cis-acting downstream activation sequence is mediated by a cellular
transcription factor. J. Virol. 68, 7774–7789.
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